




Optimization in HPLC





Optimization in HPLC

Concepts and Strategies

Edited by

Stavros Kromidas



Editor

Dr. Stavros Kromidas
Consultant
Breslauer Str. 3
66440 Blieskastel
Germany

All books published by WILEY-VCH
are carefully produced. Nevertheless,
authors, editors, and publisher do not
warrant the information contained in
these books, including this book, to
be free of errors. Readers are advised
to keep in mind that statements, data,
illustrations, procedural details or other
items may inadvertently be inaccurate.

Library of Congress Card No.:
applied for

British Library Cataloguing-in-Publication
Data
A catalogue record for this book is
available from the British Library.

Bibliographic information published by
the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists
this publication in the Deutsche
Nationalbibliografie; detailed
bibliographic data are available on the
Internet at <http://dnb.d-nb.de>.

© 2021 WILEY-VCH GmbH, Boschstr.
12, 69469 Weinheim, Germany

All rights reserved (including those of
translation into other languages). No
part of this book may be reproduced in
any form – by photoprinting,
microfilm, or any other means – nor
transmitted or translated into a
machine language without written
permission from the publishers.
Registered names, trademarks, etc.
used in this book, even when not
specifically marked as such, are not to
be considered unprotected by law.

Print ISBN: 978-3-527-34789-6
ePDF ISBN: 978-3-527-82850-0
ePub ISBN: 978-3-527-82851-7
Obook ISBN: 978-3-527-83748-9

Cover Design Formgeber, Mannheim,
Germany
Typesetting Straive, Chennai, India

Printed on acid-free paper

10 9 8 7 6 5 4 3 2 1

http://dnb.d-nb.de
http://dnb.d-nb.de


v

Contents

Preface xv
About the Book xvii

Part I Optimization Strategies for Different Modes and Uses
of HPLC 1

1.1 2D-HPLC – Method Development for Successful
Separations 3
Dwight R. Stoll, Ph.D.

1.1.1 Motivations for Two-Dimensional Separation 3
1.1.1.1 Difficult-to-Separate Samples 3
1.1.1.2 Complex Samples 4
1.1.1.3 Separation Goals 4
1.1.2 Choosing a Two-Dimensional Separation Mode 4
1.1.2.1 Analytical Goals Dictate Choice of Mode 5
1.1.2.2 Survey of Four 2D Separation Modes 5
1.1.2.3 Hybrid Modes Provide Flexibility 7
1.1.3 Choosing Separation Types/Mechanisms 8
1.1.3.1 Complementarity as a Guiding Principle 8
1.1.3.2 Pirok Compatibility Table 9
1.1.3.3 Measuring the Complementarity of Separation Types 9
1.1.4 Choosing Separation Conditions 11
1.1.4.1 Starting with Fixed First-Dimension Conditions 11
1.1.4.2 Starting from Scratch – Flexible First-Dimension Conditions 13
1.1.4.3 Special Considerations for Comprehensive 2D-LC Methods 13
1.1.4.4 Rules of Thumb 13
1.1.5 Method Development Examples 14
1.1.5.1 Example 1 – Use of LC–LC to Identify an Impurity in a Synthetic

Oligonucleotide 14
1.1.5.2 Example 2 – Comprehensive 2D-LC Separation of Surfactants 14
1.1.6 Outlook for the Future 17

Acknowledgment 18
References 18



vi Contents

1.2 Do you HILIC? With Mass Spectrometry? Then do it
Systematically 23
Thomas Letzel

1.2.1 Initial Situation and Optimal Use of Stationary HILIC Phases 25
1.2.2 Initial Situation and Optimal Use of the “Mobile” HILIC Phase 28
1.2.2.1 Organic Solvent 28
1.2.2.2 Salts 31
1.2.2.3 pH Value 33
1.2.3 Further Settings and Conditions Specific to Mass Spectrometric

Detection 35
1.2.4 Short Summary on Method Optimization in HILIC 36

References 36

1.3 Optimization Strategies in LC–MS Method Development 39
Markus M. Martin

1.3.1 Introduction 39
1.3.2 Developing New Methods for HPLC–MS Separations 39
1.3.2.1 Optimizing the LC Separation 40
1.3.2.1.1 Optimizing for Sensitivity and Limit of Detection – Which Column to

Take? 40
1.3.2.1.2 Optimizing Resolution vs. Sample Throughput 41
1.3.2.1.3 MS-Compatible Eluent Compositions and Additives 43
1.3.2.2 Optimizing Ion Source Conditions 44
1.3.2.3 Optimizing MS Detection 47
1.3.2.4 Verifying the Hyphenated Method 48
1.3.2.5 Method Development Supported by Software-based Parameter

Variation 49
1.3.3 Transferring Established HPLC Methods to Mass spectrometry 50
1.3.3.1 Transfer of an Entire HPLC Method to a Mass Spectrometer 51
1.3.3.2 Selected Analysis of an Unknown Impurity – Solvent Change by

Single-/Multi-Heartcut Techniques 52
Abbreviations 54
References 55

1.4 Chromatographic Strategies for the Successful
Characterization of Protein Biopharmaceuticals 57
Szabolcs Fekete, Valentina D’Atri, and Davy Guillarme

1.4.1 Introduction to Protein Biopharmaceuticals 57
1.4.2 From Standard to High-Performance Chromatography of Protein

Biopharmaceuticals 58
1.4.3 Online Coupling of Nondenaturing LC Modes with MS 62
1.4.4 Multidimensional LC Approaches for Protein Biopharmaceuticals 64
1.4.5 Conclusion and Future Trends in Protein Biopharmaceuticals

Analysis 66
References 67



Contents vii

1.5 Optimization Strategies in HPLC for the Separation of
Biomolecules 73
Lisa Strasser, Florian Füssl, and Jonathan Bones

1.5.1 Optimizing a Chromatographic Separation 73
1.5.2 Optimizing the Speed of an HPLC Method 77
1.5.3 Optimizing the Sensitivity of an HPLC Method 79
1.5.4 Multidimensional Separations (See also Chapter 1.1) 80
1.5.5 Considerations for MS Detection (See also Chapter 1.3) 81
1.5.6 Conclusions and Future Prospects 83

References 84

1.6 Optimization Strategies in Packed-Column Supercritical Fluid
Chromatography (SFC) 87
Caroline West

1.6.1 Selecting a Stationary Phase Allowing for Adequate Retention and
Desired Selectivity 88

1.6.1.1 Selecting a Stationary Phase for Chiral Separations 88
1.6.1.2 Selecting a Stationary Phase for Achiral Separations 90
1.6.2 Optimizing Mobile Phase to Elute all Analytes 93
1.6.2.1 Nature of the Cosolvent 93
1.6.2.2 Proportion of Cosolvent 94
1.6.2.3 Use of Additives 96
1.6.2.4 Sample Diluent 97
1.6.3 Optimizing Temperature, Pressure, and Flow Rate 97
1.6.3.1 Understanding the Effects of Temperature, Pressure, and Flow Rate on

your Chromatograms 97
1.6.3.2 Optimizing Temperature, Pressure, and Flow Rate Concomitantly 99
1.6.4 Considerations on SFC–MS Coupling 100
1.6.5 Summary of Method Optimization 101
1.6.6 SFC as a Second Dimension in Two-Dimensional Chromatography 102
1.6.7 Further Reading 102

References 103

1.7 Strategies for Enantioselective (Chiral) Separations 107
Markus Juza

1.7.1 How to Start? 108
1.7.2 Particle Size 109
1.7.3 Chiral Polysaccharide Stationary Phases as First Choice 110
1.7.4 Screening Coated and Immobilized Polysaccharide CSPs in

Normal-Phase and Polar Organic Mode 113
1.7.5 Screening Coated and Immobilized Polysaccharide CSPs in

Reversed-Phase Mode 116
1.7.6 Screening Immobilized Polysaccharide CSPs in Medium-Polarity

Mode 119



viii Contents

1.7.7 Screening Coated and Immobilized Polysaccharide CSPs under Polar
Organic Supercritical Fluid Chromatography Conditions 120

1.7.8 Screening Immobilized Polysaccharide CSPs in Medium-Polarity
Supercritical Fluid Chromatography Conditions 125

1.7.9 SFC First? 127
1.7.10 Are There Rules for Predicting Which CSP Is Suited for My Separation

Problem? 127
1.7.11 Which Are the Most Promising Polysaccharide CSPs? 127
1.7.12 Are some CSPs Comparable? 129
1.7.13 “No-Go’s,” Pitfalls, and Peculiarities in Chiral HPLC and SFC 132
1.7.14 Gradients in Chiral Chromatography 133
1.7.15 Alternative Strategies to Chiral HPLC and SFC on Polysaccharide

CSPs 133
1.7.16 How Can I Solve Enantiomer Separation Problems Without Going to the

Laboratory? 135
1.7.17 The Future of Chiral Separations – Fast Chiral Separations (cUHPLC and

cSFC)? 136
References 138

1.8 Optimization Strategies Based on the Structure of the
Analytes 141
Christoph A. Fleckenstein

1.8.1 Introduction 141
1.8.2 The Impact of Functional Moieties 142
1.8.3 Hydrogen Bonds 143
1.8.4 Influence of Water Solubility by Hydrate Formation of Aldehydes and

Ketones 146
1.8.5 Does “Polar” Equal “Hydrophilic”? 148
1.8.6 Peroxide Formation of Ethers 150
1.8.7 The pH Value in HPLC 151
1.8.7.1 Acidic Functional Groups 152
1.8.7.2 Basic Functional Groups 153
1.8.8 General Assessment and Estimation of Solubility of Complex

Molecules 155
1.8.9 Octanol–Water Coefficient 157
1.8.10 Hansen Solubility Parameters 160
1.8.11 Conclusion and Outlook 162

Acknowledgments 163
References 163

1.9 Optimization Opportunities in a Regulated Environment 165
Stavros Kromidas

1.9.1 Introduction 165
1.9.2 Preliminary Remark 165
1.9.3 Resolution 167



Contents ix

1.9.3.1 Hardware Changes 167
1.9.3.1.1 Preliminary Remark 167
1.9.3.1.2 UHPLC Systems 168
1.9.3.1.3 Column Oven 168
1.9.3.2 Improving the Peak Shape 169
1.9.4 Peak-to-Noise Ratio 171
1.9.4.1 Noise Reduction 171
1.9.5 Coefficient of Variation, VC (Relative Standard Deviation, RSD) 171

References 176

Part II Computer-aided Optimization 177

2.1 Strategy for Automated Development of Reversed-Phase HPLC
Methods for Domain-Specific Characterization of Monoclonal
Antibodies 179
Jennifer La, Mark Condina, Leexin Chong, Craig Kyngdon, Matthias
Zimmermann, and Sergey Galushko

2.1.1 Introduction 179
2.1.2 Interaction with Instruments 181
2.1.3 Columns 182
2.1.4 Sample Preparation and HPLC Analysis 183
2.1.5 Automated Method Development 184
2.1.5.1 Columns Screening 185
2.1.5.2 Rapid Optimization 186
2.1.5.3 Fine Optimization and Sample Profiling 188
2.1.6 Robustness Tests 188
2.1.6.1 Selection of the Variables 189
2.1.6.2 Selection of the experimental design 190
2.1.6.3 Definition of the Different Levels for the Factors 191
2.1.6.4 Creation of the Experimental Set-up 191
2.1.6.5 Execution of Experiments 192
2.1.6.6 Calculation of Effects and Response and Numerical and Graphical

Analysis of the Effects 192
2.1.6.7 Improving the Performance of the Method 194
2.1.7 Conclusions 196

References 196

2.2 Fusion QbD® Software Implementation of APLM Best Practices
for Analytical Method Development, Validation, and
Transfer 199
Richard Verseput

2.2.1 Introduction 199
2.2.1.1 Application to Chromatographic Separation Modes 200
2.2.1.2 Small- and Large-Molecule Applications 200



x Contents

2.2.1.3 Use for Non-LC Method Development Procedures 200
2.2.2 Overview – Experimental Design and Data Modeling in Fusion

QbD 201
2.2.3 Analytical Target Profile 201
2.2.4 APLM Stage 1 – Procedure Design and Development 202
2.2.4.1 Initial Sample Workup 202
2.2.5 Chemistry System Screening 204
2.2.5.1 Starting Points Based on Molecular Structure and Chemistry

Considerations 205
2.2.5.2 Trend Responses and Data Modeling 205
2.2.6 Method Optimization 207
2.2.6.1 Optimizing Mean Performance 207
2.2.6.2 Optimizing Robustness In Silico – Monte Carlo Simulation 210
2.2.6.3 A Few Words About Segmented (Multistep) Gradients and

Robustness 213
2.2.7 APLM Stage 2 – Procedure Performance Verification 214
2.2.7.1 Replication Strategy 214
2.2.8 The USP <1210> Tolerance Interval in Support of Method Transfer 214
2.2.9 What is Coming – Expectations for 2021 and Beyond 216

References 217

Part III Current Challenges for HPLC Users in Industry 219

3.1 Modern HPLC Method Development 221
Stefan Lamotte

3.1.1 Robust Approaches to Practice 222
3.1.1.1 Generic Systems for all Tasks 222
3.1.2 The Classic Reverse-phase System 225
3.1.3 A System that Primarily Separates According to π–π Interactions 227
3.1.4 A system that Primarily Separates According to Cation Exchange and

Hydrogen Bridge Bonding Selectivity 227
3.1.5 System for Nonpolar Analytes 228
3.1.6 System for Polar Analytes 228
3.1.7 Conclusion 230
3.1.8 The Maximum Peak Capacity 230
3.1.9 Outlook 231

References 231

3.2 Optimization Strategies in HPLC from the Perspective of an
Industrial Service Provider 233
Juri Leonhardt and Michael Haustein

3.2.1 Introduction 233
3.2.2 Research and Development 233
3.2.3 Quality Control 234



Contents xi

3.2.4 Process Control Analytics 235
3.2.5 Decision Tree for the Optimization Strategy Depending on the Final

Application Field 237

3.3 Optimization Strategies in HPLC from the Perspective of a
Service Provider – The UNTIE® Process of the CUP
Laboratories 239
Dirk Freitag-Stechl and Melanie Janich

3.3.1 Common Challenges for a Service Provider 239
3.3.2 A Typical, Lengthy Project – How it Usually Goes and How it Should not

be Done! 239
3.3.3 How Do We Make It Better? - The UNTIE® Process of the CUP

Laboratories 241
3.3.4 Understanding Customer Needs 241
3.3.5 The Test of an Existing Method 242
3.3.6 Method Development and Optimization 243
3.3.7 Execution of the Validation 245
3.3.8 Summary 248

Acknowledgments 249
References 249

3.4 Optimization Strategies in HPLC 251
Bernard Burn

3.4.1 Definition of the Task 252
3.4.2 Relevant Data for the HPLC Analysis of a Substance (see also

Chapter 1.8) 252
3.4.2.1 Solubility 252
3.4.2.2 Acidity Constants (pKa) 257
3.4.2.2.1 Polarity of Acidic or Alkaline Substances (see also Chapter 1.8) 257
3.4.2.2.2 UV Spectra 259
3.4.2.2.3 Influence on the Peak Shape 259
3.4.2.2.4 Acid Constant Estimation 263
3.4.2.3 Octanol–Water Partition Coefficient 263
3.4.2.4 UV Absorption 270
3.4.2.5 Stability of the Dissolved Analyte 272
3.4.3 Generic Methods 278
3.4.3.1 General Method for the Analysis of Active Pharmaceutical

Ingredients 278
3.4.3.2 Extensions of the Range of Application 279
3.4.3.3 Limits of this General Method 279
3.4.3.4 Example, Determination of Butamirate Dihydrogen Citrate in a Cough

Syrup 279
3.4.3.4.1 Basic Data 279
3.4.3.4.2 Expected Difficulties 279
3.4.3.4.3 HPLC Method 279



xii Contents

3.4.3.4.4 Example Chromatogram 279
3.4.4 General Tips for Optimizing HPLC Methods 279
3.4.4.1 Production of Mobile Phases 284
3.4.4.1.1 Reagents 284
3.4.4.1.2 Vessels and Bottles 285
3.4.4.1.3 Measurement of Reagents and Solvent 285
3.4.4.1.4 Preparation of Buffer Solutions 286
3.4.4.1.5 Filtration of Solvents and Buffer 286
3.4.4.1.6 Degassing of Mobile Phases 287
3.4.4.2 Blank Samples 287
3.4.4.3 Defining Measurement Wavelengths for UV Detection 288
3.4.4.4 UV Detection at Low Wavelengths 288
3.4.4.4.1 Solvents 291
3.4.4.4.2 Acids and Buffer Additives 292
3.4.4.4.3 Drift at Solvent Gradients 294
3.4.4.5 Avoidance of Peak Tailing 295
3.4.4.6 Measurement Uncertainty and Method Design 302
3.4.4.6.1 Weighing in or Measuring 302
3.4.4.6.2 Dilutions 303
3.4.4.6.3 HPLC Analysis 304
3.4.4.6.4 Internal Standards 305
3.4.4.7 Column Dimension and Particle Sizes 305

Reference 309

Part IV Current Challenges for HPLC Equipment
Suppliers 311

4.1 Optimization Strategies with your HPLC – Agilent
Technologies 313
Jens Trafkowski

4.1.1 Increase the Absolute Separation Performance: Zero Dead-Volume
Fittings 314

4.1.2 Separation Performance: Minimizing the Dispersion 314
4.1.3 Increasing the Throughput – Different Ways to Lower the Turnaround

Time 316
4.1.4 Minimum Carryover for Trace Analysis: Multiwash 317
4.1.5 Increase the Performance of What you have got – Modular or Stepwise

Upgrade of Existing Systems 318
4.1.6 Increase Automation, Ease of Use, and Reproducibility with the Features

of a High-End Quaternary UHPLC Pump 319
4.1.7 Increase Automation: Let your Autosampler do the Job 321
4.1.8 Use Your System for Multiple Purposes: Multimethod and Method

Development Systems 321
4.1.9 Combine Sample Preparation with LC Analysis: Online SPE 322



Contents xiii

4.1.10 Boost Performance with a Second Chromatographic Dimension: 2D-LC
(see also Chapter 1.1) 323

4.1.11 Think Different, Work with Supercritical CO2 as Eluent:
SFC – Supercritical Fluid Chromatography (see also Chapter 1.6) 324

4.1.12 Determine Different Concentration Ranges in One System:
High-Definition Range (HDR) HPLC 325

4.1.13 Automize Even Your Method Transfer from other LC Systems:
Intelligent System Emulation Technology (ISET) 326

4.1.14 Conclusion 327
References 328

4.2 To Empower the Customer – Optimization Through
Individualization 329
Kristin Folmert and Kathryn Monks

4.2.1 Introduction 329
4.2.2 Define Your Own Requirements 329
4.2.2.1 Specification Sheet, Timetable, or Catalogue of Measures 329
4.2.2.2 Personnel Optimization Helps to make Better Use of HPLC 331
4.2.2.3 Mastering Time-Consuming Method Optimizations in a Planned

Manner 332
4.2.2.4 Optimizations at Device Level do not Always have to Mean an

Investment 332
4.2.3 An Assistant Opens Up Many New Possibilities 333
4.2.3.1 If the HPLC System must Simply be able to do more in the Future 333
4.2.3.2 Individual Optimizations with an Assistant 333
4.2.3.3 Automatic Method Optimization and Column Screening 334
4.2.3.4 A New Perspective at Fractionation, Sample Preparation, and Peak

Recycling 335
4.2.3.5 Continuous Chromatography, a New Level of Purification 336
4.2.4 The Used Materials in the Focus of the Optimization 337
4.2.4.1 Wetted vs. Dry Components of the HPLC 337
4.2.4.2 Chemical Resistance of Wetted Components 338
4.2.4.3 Bioinert Components 340
4.2.4.3.1 Material Certification 340
4.2.5 Software Optimization Requires Open-Mindedness 340
4.2.6 Outlook 341

4.3 (U)HPLC Basics and Beyond 343
Gesa Schad, Brigitte Bollig, and Kyoko Watanabe

4.3.1 An Evaluation of (U)HPLC-operating Parameters and their Effect on
Chromatographic Performance 343

4.3.1.1 Compressibility Settings 343
4.3.1.2 Solvent Composition and Injection Volume 346
4.3.1.3 Photodiode Array Detector: Slit Width 348



xiv Contents

4.3.2 “Analytical Intelligence” – AI, M2M, IoT – How Modern Technology can
Simplify the Lab Routine 349

4.3.2.1 Auto-Diagnostics and Auto-Recovery to Maximize Reliability and
Uptime 349

4.3.2.2 Advanced Peak Processing to Improve Resolution 350
4.3.2.3 Predictive Maintenance to Minimize System Downtime 353

References 354

4.4 Addressing Analytical Challenges in a Modern HPLC
Laboratory 355
Frank Steiner and Soo Hyun Park

4.4.1 Vanquish Core, Flex, and Horizon – Three Different Tiers, all Dedicated
to Specific Requirements 356

4.4.2 Intelligent and Self-Contained HPLC Devices 362
4.4.3 2D-LC for Analyzing Complex Samples and Further Automation

Capabilities (see also Chapter 1.1) 363
4.4.3.1 Loop-based Single-Heart-Cut 2D-LC 364
4.4.3.2 Loop-based Multi-Heart-Cut 2D-LC 364
4.4.3.3 Trap-based Single-Heart-Cut 2D-LC for Eluent Strength Reduction 366
4.4.3.4 Trap-based Single-Heart-Cut 2D LC–MS Using Vanquish Dual Split

Sampler 367
4.4.4 Software-Assisted Automated Method Development 368

Abbreviations 374
References 374

4.5 Systematic Method Development with an Analytical
Quality-by-Design Approach Supported by Fusion QbD and
UPLC–MS 375
Falk-Thilo Ferse, Detlev Kurth, Tran N. Pham, Fadi L. Alkhateeb, and Paul
Rainville
References 384

Index 385



xv

Preface

The “HPLC world” is a diverse one – a lucky chance and challenging at the same
time. Successful strategies for a “good” result can therefore look completely different.

The aim of this book is to provide interested colleagues successful strategies and
proven ways for method development and optimization for all important areas in the
field of HPLC and UHPLC. With this goal in mind, experts were invited to present
their knowledge and experience in a practical and compact manner.

It was important to take both into account: Different challenges of a chromato-
graphic nature, but also different framework conditions in everyday life. Only this
enables a differentiated perspective and consequently a target-oriented approach:
Hence, the authors are researchers or employees of well-known manufacturers,
are service providers in industrial companies or private laboratories, or they have
developed tools themselves.

Readers may find inspiration in the book for developing their individual optimiza-
tion strategy.

I would like to thank my fellow authors for their time and commitment as well as
WILEY-VCH, who made the realization of this project possible.

Blieskastel, June 2021 Stavros Kromidas





xvii

About the Book

The book is designed as a guide and does not have to be read in a linear fashion. The
individual chapters represent self-contained modules; it is possible to “jump” at any
time. In this way, we have tried to do justice to the book’s character as a reference
and hope that readers may benefit from this.

The book consists of four parts:
Part I: Optimization Strategies for Individual Problems
In the first part, optimization strategies for different analytes are discussed, from

small molecules and chiral substances to biomolecules. Different modes of operation
are also covered: LC–MS, 2D-HPLC, HILIC, SFC. Finally, optimization strategies
based on structural info of the analytes are presented, and optimization possibilities
in a regulated environment are discussed.

Part II: Computer-Aided Strategies (In silico Applications)
In Part II, concepts for computational method development for small molecules

and biomolecules are presented, based on specific problems.
Part III: Users’ Report
Service providers from two industrial companies and two private laborato-

ries present their concepts for method development in Part III, based on the
specifications and requests of internal and/or external customers.

Part IV: Manufacturers’ Report
Employees of 5 well-known HPLC manufacturers show how the design of HPLC

instruments, different tools, and the underlying philosophy support HPLC users
in establishing the most efficient HPLC method possible, adapted to the problem
at hand.
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Part I

Optimization Strategies for Different Modes and Uses of
HPLC
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1.1

2D-HPLC – Method Development for Successful Separations
Dwight R. Stoll, Ph.D.

Gustavus Adolphus College, Department of Chemistry, 800 West College Avenue, St. Peter, MN 56082, USA

1.1.1 Motivations for Two-Dimensional Separation

Historically, much of the research devoted to multidimensional separations and
their application to real analytical problems has been focused on dealing with
complex samples. These have traditionally been described as containing hundreds
or thousands of compounds and are often derived from natural sources such as
plant extracts or body fluids (e.g. blood or urine). Increasingly, however, we observe
that multidimensional separation can be exquisitely effective for dealing with
samples containing analytes that are difficult to separate but are not complex by
the traditional definition. Since this distinction can have a big impact on how one
approaches method development, we start here by explicitly differentiating the two
cases.

1.1.1.1 Difficult-to-Separate Samples

The difficulty associated with a separating a particular sample may originate from its
sheer complexity (i.e. thousands of compounds). In this case relying on chromato-
graphic separation alone will not be enough to fully separate the mixture, and some
other source of selectivity will be needed (e.g. sample preparation, and/or selective
detection such as mass spectrometry). However, it is now common to encounter sam-
ples that contain only a few compounds but are difficult to separate simply due to the
high degree of similarity of the compounds in the mixture. For example, a mixture
may only contain six compounds, but if two of those six compounds are enantiomers
(1a and 1b), then fully separating the mixture using a single column may be difficult
even if the separation of compounds 2–5 from 1a/1b is straightforward. Such situ-
ations are encountered more frequently now compared to the past, in part due to
the development of small-molecule drugs with multiple chiral centers [1], and the
increasing recognition of the importance of both the D- and L- enantiomers of amino
acids ([2], see Chapter 1.7), for example.

Optimization in HPLC: Concepts and Strategies, First Edition. Edited by Stavros Kromidas.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.



4 1.1 2D-HPLC – Method Development for Successful Separations

1.1.1.2 Complex Samples

As stated above, traditionally complex samples have been thought of as contain-
ing hundreds or thousands of different compounds. These samples often come from
nature, but not always. For example, surfactants and polymers produced by chemi-
cal synthesis can result in highly heterogeneous mixtures of thousands of different
compounds. Historically, the analysis of such samples by multidimensional chro-
matography has been mainly focused on so-called comprehensive methods of sepa-
ration that yield a kind of global profile or “fingerprint” of the contents of the sample.
However, in cases where only one or a few particular molecules in the sample are of
importance to the analysis, simpler multidimensional separation methods such as
heartcutting can be adequate, and even preferred.

1.1.1.3 Separation Goals

As is often discussed in the multidimensional separation literature, and below, the
process of developing a multidimensional separation method is one full of compro-
mises. For example, conditions that favor shorter analysis times do not lead to the
best detection sensitivity, and vice versa. Therefore, it is important for the analyst to
identify – at the very beginning of method development – what are the characteris-
tics or performance metrics for the method that are most important to him/her. For
example, if achieving baseline resolution of six critical pairs of analytes is critically
important for the method to be successfully applied, then method development deci-
sions should support this objective, even if it comes at the cost of increased analysis
time, and/or lower detection sensitivity.

1.1.2 Choosing a Two-Dimensional Separation Mode

All two-dimensional separations can be executed either “offline” or “online.” In the
offline mode, one or more fractions of 1D effluent are collected in some kind of stor-
age device such as a set of vials or a wellplate. These fractions are then injected at
some later time (minutes to years) into another LC system (i.e. the same LC sys-
tem running different conditions from the 1D separation, or a different LC system
altogether), either with or without intermediate processing of these fractions. For
example, in proteomics applications of 2D-LC, it is common to desalt the fractions,
or dry them down by evaporation to remove organic solvent, before analysis by the
2D separation [3]. In the online mode, fractions collected from the 1D column are
either processed immediately by direct injection into the 2D column, or stored for
a short time (seconds to hours) in some kind of device (typically capillary loops or
sorbent-based traps) that is internal to the instrument. An example of an instru-
ment configuration commonly used for this purpose is shown in Figure 1.1.1. In
this case, the interface valve situated between the 1D and 2D columns has two posi-
tions. Switching between them changes the roles of loops 1 and 2 between collecting
1D effluent and introducing the fraction of the 1D effluent into the 2D flow stream,
effectively injecting that material into the 2D column.
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1D

detector

2D

detector

1D column

2D column

1D pump

2D pump

Loop 1

Loop 2

Autosampler Waste

Figure 1.1.1 Illustration of an instrument configuration typically used for 2D-LC. Source:
Dr. Gabriel Leme.

As commercially available equipment for 2D-LC separation has become more
sophisticated and reliable, the trend in the industry has been to move away from
offline separations because of challenges associated with implementation of offline
separations for large numbers of samples, and with degradation and contamination
of 1D effluent fractions when they are handled external to the instrument [4].
Given this trend, I have chosen to focus entirely on online 2D-LC for the rest of this
chapter. Readers interested in learning more about offline 2D-LC are referred to
review articles dedicated to this topic [5, 6].

1.1.2.1 Analytical Goals Dictate Choice of Mode

Starting in the late 1970s, different groups began developing the modes of 2D-LC
separation we have come to know as “heartcutting” and “comprehensive” [4, 7]. In
the most recent decade, two additional modes have been developed, which are now
known as “multiple heartcutting” and “selective comprehensive” 2D separations.
Each of these four modes will be discussed in some detail in Section 1.1.2.2. At this
point, though, I want to emphasize that choosing which separation mode you will
use should be driven by the overall goals of the analysis. For example, if you have
a complex sample and you want to learn as much as you can about that sample
(i.e. identify hundreds of compounds), then the comprehensive mode of 2D separa-
tion will almost always be the best choice. However, if you are only interested in a few
target compounds in the sample – even if the sample matrix is highly complex – then
a more targeted mode of 2D separation such as heartcutting or multiple heartcutting
will likely be the best approach. In practice, time spent on each 2D separation is one
of the most precious resources of the 2D-LC instrument, and allocating effort to 2D
separations that are not necessary to achieve the overall analytical goals of the anal-
ysis is costly (in terms of both time and supplies), wasteful, and adds unnecessary
complexity to the method.

1.1.2.2 Survey of Four 2D Separation Modes

The vast majority of 2D-LC applications being developed today fit into one of the
four modes of 2D separation illustrated in Figure 1.1.2. In the single-heartcut mode
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Figure 1.1.2 Illustration of four different modes of 2D-LC separation.

(A; LC–LC), a single fraction of 1D effluent containing analytes of interest is cap-
tured at the outlet of the 1D column and transferred to the 2D column where this
submixture of the original sample will be further separated if the separation mech-
anisms employed in the first and second dimensions are complementary. Perhaps
the biggest advantage of the LC–LC mode is that the time that can be dedicated to
separation of the 1D effluent fraction in the second dimension is not strictly limited.
This provides tremendous flexibility in terms of choosing parameters for the 2D sep-
aration, including flow rate, column dimensions, and injection volume. The biggest
disadvantage of LC–LC, however, is that the scope of the analysis is limited. We are
restricted to the analysis of compounds that can be captured in a single fraction of 1D
effluent. Nevertheless, the LC–LC approach has been used to great effect in applica-
tion areas ranging from identification of small-molecule pharmaceutical impurities
[8] to the detection of drug metabolites in plasma [9].

The extreme opposite of LC–LC in terms of analytical scope is the comprehen-
sive mode of 2D separation (D; LC×LC). As the illustration shows, in this case,
fractions of 1D effluent are collected and transferred – one at a time, in a regular,
serial fashion – to the 2D separation. Typically, this results in a long string of many
(tens to hundreds) 2D chromatograms collected in a single detector datafile. This
long data string can then be parsed into pieces that correspond to individual 2D
separations and reformatted to produce a two-dimensional data array, which can
then be viewed either as a contour map or a 3D surface rendering of the data. The
advantages and disadvantages of the LC×LC approach are effectively the converse
of those for the LC–LC approach. The main advantage is that the scope of the 2D
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separation is as wide as the scope of the 1D separation; the main disadvantage is that
the time that can be dedicated to each 2D separation is severely restricted because
of the sheer number of fractions of 1D effluent that must processed by the second
dimension.

The two other modes illustrated in Figure 1.1.2 are hybrids of the LC–LC and
LC×LC modes. In the case of multiple heartcutting (B; mLC–LC), one fraction of
1D effluent is collected per region of the 1D separation targeted for further sepa-
ration, just like LC–LC, but this is repeated two or more times over the course of
the 2D separation. Finally, in selective comprehensive separations (C; sLC×LC),
multiple fractions of 1D effluent are collected across a zone of interest in the 1D
separation, stored in loops or traps associated with the interface, and then injected
one at a time into the 2D column as in LC×LC separations. These hybrid modes
are attractive in many situations because they capitalize on the strengths of LC–LC
and LC×LC while mitigating their weaknesses. Specifically, mLC–LC and sLC×LC
provide the analyst with a lot of flexibility in development and implementation of
a 2D-LC method because they provide a means to decouple the process of collect-
ing 1D effluent fractions from the process of further separating those fractions in the
second dimension [10].

1.1.2.3 Hybrid Modes Provide Flexibility

There are multiple ways that the added flexibility provided by mLC–LC and
sLC×LC is practically useful, but I provide two examples for consideration here.
First, sLC×LC is helpful for avoiding the so-called undersampling problem in 2D
separations. Undersampling refers to the negative effect of collecting 1D effluent
fractions that are wider than about one-half of a 1D peak width, whereby analytes
eluting closely from the 1D column are mixed back together in the sampling process.
This effectively diminishes the performance of the first dimension of a 2D separation
[11–13]. Overcoming this problem in the LC×LC mode is especially difficult when
1D peaks are narrow (e.g. less than five seconds wide), but the sLC×LC mode can
be used to manage this challenge by collecting several narrow (as low as one second
or less) fractions over a particular region of interest in the 1D separation. Second,
sLC×LC can also be used to manage the volume of 1D effluent that is injected into
the 2D column for each region of interest in the 1D separation. A concrete example
will make this benefit more clear. Suppose we have an existing 1D-LC separation
running at 1 mL/min and we want to transfer a particular peak of interest to a 2D
column for further separation, and/or characterization by mass spectrometry. If the
1D peak is 15 seconds wide, then the volume of the peak that has to be transferred
is 250 μl. While it is certainly possible to transfer this volume in a single fraction,
there are many cases where injecting such a large volume into the 2D column
will compromise the performance of the 2D separation, especially when there is
a mismatch between the mobile phases used in the 1D and 2D separations [14].
With sLC×LC, however, one could collect four fractions of the 1D peak of interest
instead of one, with each of the fractions being about 60 μl, and then these four
fractions would be injected into the 2D column one at a time [15]. This, of course,
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is likely to add time to the overall analysis and requires a more complex interface,
but this kind of flexibility can be very valuable during method development.

1.1.3 Choosing Separation Types/Mechanisms

Once one has chosen which mode of 2D separation to use, the next most important
decision involves choosing which two separation types will be used in the first and
second dimensions of the 2D system.

1.1.3.1 Complementarity as a Guiding Principle

There has been much discussion in the 2D separations literature about the principle
of “orthogonality” as it is related to choosing two separation types to use in a
2D separation. The reason for invoking orthogonality is that – from a purely
theoretical standpoint – it is best if the retention patterns obtained from the 1D
and 2D separations are not at all correlated [16]. However, I think it may be more
practically relevant to think about the relationship between two separation types
used in the 2D separation in terms of complementarity. To what extent does the
separation type used in the second dimension complement the separation already
used in the first dimension? A concrete chemical example will help make this
point. Suppose we are separating a mixture of peptides that vary in both the total
number of amino acids and the number of lysine residues such that the degree
of positive charge on these peptides in solution varies as well (low pH). If we set
up a 2D-LC system with reversed-phase C18 columns and low pH mobile phases
in both dimensions, this will not yield an effective 2D separation because the 2D
separation does not add anything new to the separation in terms of selectivity. On
the other hand, suppose we change the 1D separation to cation-exchange (CEX)
where peptides will elute mainly according to their degree of positive charge
(low charge elutes first, high charge elutes last). Now, if we add a 2D separation
using a reversed-phase (RP) C18 column, this will nicely complement the 1D
separation because it will separate mainly according to the water solubility of the
peptides (most soluble elutes first, least soluble elutes last). In this case, we can
have two peptides that carry the same charge – and thus coelute from the CEX
separation – but have very different water solubilities due to differences in the
number and/or type of amino acids, and can be easily separated by the 2D RP
column.

Historically, a lot of effort has been dedicated to learning which separation types
are most complementary for different sample types and applications. New users can
use this prior research as a foundation for their own work. For some application
areas, there are specific papers that illustrate the complementarity of different sepa-
ration types for specific types of molecules such as peptides [17]. I encourage readers
to consult databases of 2D-LC applications to quickly learn about which two separa-
tion types might be useful for their application (http://www.multidlc.org/literature/
2DLC-Applications).

http://www.multidlc.org/literature/2DLC-Applications
http://www.multidlc.org/literature/2DLC-Applications


1.1.3 Choosing Separation Types/Mechanisms 9

1.1.3.2 Pirok Compatibility Table

Unfortunately, we need to consider more than just the complementarity of the selec-
tivities of two separation types used in a 2D-LC separation. Other factors such as the
compatibility of the mobile phases used with each separation type are often impor-
tant, and in fact can render useless a pairing of separation types that looks quite
attractive from the point of view of selectivity. For example, pairing a normal-phase
(NP) separation (i.e. bare silica stationary phase; hexane mobile phase) with an RP
separation is attractive for some applications because the NP separation is domi-
nated by adsorptive analyte–stationary phase interactions, whereas the RP separa-
tion is dominated by the partitioning of analytes into a bonded stationary phase.
This difference in retention mechanisms can lead to highly complementary selec-
tivities. However, we encounter a major practical difficulty in this case because the
nonpolar organic solvent–rich mobile phases used for NP separations are not misci-
ble with the water-rich mobile phases used for RP separations – at least not across
a wide range of compositions. This difficulty has limited the use of some combina-
tions of separation types such as NP–RP, although even in this case the miscibility
problem can be managed by injecting very small volumes of 1D effluent into large
2D columns [18]. Pirok and Schoenmakers have summarized a lot of the knowledge
in the 2D-LC field about which separation types work well together using the table
shown in Figure 1.1.3. Combinations shaded with green colors are likely to work
well, whereas combinations shaded with red colors present at least one major diffi-
culty that will have to be managed if they are chosen for a 2D separation. Readers
interested in a more detailed explanation of all of the information in this table are
referred to the original paper of Pirok and Schoenmakers [19]. The table is also being
updated as 2D-LC technology evolves; a current version can be found at our website
(www.multidlc.org/megatable).

1.1.3.3 Measuring the Complementarity of Separation Types

Once we have made initial decisions about which two separation types to use in
our 2D-LC separation, we need to assess the quality of the resulting separations. For
more targeted separations, usually we are most interested in resolving one or more
target compounds from the sample matrix, or from themselves. In this case, it is a
straightforward matter to evaluate the extent to which the 2D separation has resolved
compounds that coeluted from the 1D column, and thus the complementarity of the
two separation types. For more comprehensive separations, we are usually interested
in the extent to which the 1D and 2D separations – working together – spread the
constituents of the sample out across the entire separation space. The need to assess
this has led many groups to develop a variety of metrics, which have been critically
discussed and compared in recent articles [20, 21]. In our own work, we have used
the approach illustrated in Figure 1.1.4, which amounts to estimating the fraction of
the available 2D separation space that is occupied by peaks by counting the number
of bins that are occupied by peaks and dividing by the total number of available
bins in the space. During method development, we adjust elution conditions in both
dimensions to spread the peaks out as much as possible with the goal of reaching

http://www.multidlc.org/megatable
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Figure 1.1.3 Matrix illustrating the compatibility of different separation modes when used in the first or second dimension of 2D-LC systems.
Source: Reprinted with permission from ref. Pirok et al. [19]. Licensed under CCBY 4.0.


